+ T cells are required for the clearance of most viral infections and several cancers. However, it is not clear in vivo whether CD8 + T cells can engage multiple targets simultaneously, engagement results in the formation of an immunologic synapse or molecules involved in CD8 function are redistributed to the synapse. We used here high-resolution microscopy to visualize interactions between virus-specific effectors and target cells in vivo. Using either in situ tetramer staining or green fluorescent protein-labeled virus-specific T cells, we have shown that a single CD8 + T cell can engage two or three targets, a synapse occurs at the site of engagement and molecules involved in attachment (lymphocyte function-associated antigen 1), signaling (Lck) and lytic activity (perforin) are differentially positioned on the T cell. In addition, we have established an in vivo approach for assessing the intricacies of antigen-specific T cell activation, migration, engagement, memory and other defining elements of adaptive immunity.
Molecular anatomy of antigen-specific CD8 + T cell engagement and synapse formation in vivo
The adaptive immune response allows the host to purge itself of a diverse repertoire of invading pathogens. The effector arm of the adaptive immune response includes CD8 + T cells, which possess an arsenal of cellular weapons and are exquisitely refined in their ability to recognize target cells displaying small peptides on a protein scaffold called the major histocompatibility complex (MHC) 1 . Upon recognition of a foreign peptide, CD8 + T cells can use either cytopathic or noncytopathic mechanisms to rid a cell of an invading pathogen. These mechanisms include deposition of pore-forming molecules and granzyme release, engagement of the apoptosis-inducing ligands (such as Fas ligand) and the release of cytokines such as interferon-γ (IFN-γ) and tumor necrosis factor-α (TNF-α) 2 . The mobility of the adaptive immune response necessitates integration of numerous signals in a diversified array of cellular microenvironments. Naïve T cells that initially become activated and proliferate in secondary lymphoid tissues later acquire the capacity to migrate to organs that serve as the "breeding grounds" for invading pathogens 3 . Because of the overwhelming complexity of multiorgan cellular interactions and the inability to track antigen-specific cell populations, in vitro systems have been established for studying T cell responses in order to reduce the complexity. The development of strategies to visualize antigen-specific immune responses in vivo has helped to overcome this type of reductionism [4] [5] [6] [7] . However, the interactions of antigenspecific cells in vivo remain largely undefined. Knowledge of these interactions will improve our understanding of immunopathogenesis, autoimmunity and vaccine strategies.
To visualize cellular immune interactions in vivo, we used a well characterized viral model that is defined by lethal immunopathology.
Lymphocytic choriomeningitis virus (LCMV) is a noncytopathic natural mouse pathogen that, upon intracerebral (i.c.) inoculation, initiates peripheral expansion of virus-specific T cells that ultimately traffic to the central nervous system (CNS) and cause severe meningitis at 6-10 days 8 . Prodigious numbers of mononuclear cells accumulate within the ependyma, choroid plexus and meninges (the primary sites of viral replication), leaving the brain parenchyma virtually devoid of inflammation. The lethality of this disease is dependent on CD8 + T cells 9 and, more specifically, the effector molecule perforin 10 . In addition, i.c. transfer of as few as 10 3 virus-specific CD8 + T cell clones is sufficient to drive this disease process 11 . These studies also indicate that, in the absence of an immune response, LCMV alone is incapable of inducing mortality 10, 11 , probably as a result of its noncytopathic replication cycle. The disease process depends entirely on virus-specific CD8 + T cell effector-target cell interactions, and thus provides a powerful, physiologic in vivo model with which to visualize cellular interactions involved in adaptive immunity.
Here we used two strategies to visualize interactions between cytotoxic lymphocytes (CTLs) and LCMV-infected targets in the CNS. Six different MHC class I-restricted epitopes within the nucleoprotein (NP) and glycoprotein (GP) regions of LCMV have been mapped in C57BL/6 (B6) mice; they account for the entire virus-specific CD8 + T cell response [12] [13] [14] . We focused on D b -GP(33-41)-specific CD8 + T cells because a CTL clone specific for one of the dominant epitopes, D b -GP(33-41), has been used to generate a T cell receptor (TCR)-transgenic (Tg) mouse (referred hereafter to as GP33 TCR-Tg) 15 . 
Results

In situ tetramer staining of LCMV-specific T cells
Two reports describe a strategy for visualizing antigen-specific CD8 + T cell responses known as in situ MHC class I tetramer staining 4, 5 . In both studies, the groups relied almost entirely on the use of 200 µm unfixed vibratome sections for tetramer staining, which-in our experienceresults in distorted tissue anatomy and is incompatible with high-resolution visualization of cellular interactions (data not shown). Thus, we modified the technique to allow reproducible and distinct staining of antigen-specific CD8 + T cells on frozen sections (Fig. 1) . When splenocytes isolated from naïve GP33 TCR-Tg mice were stained with D b -GP(33-41) tetramers and analyzed by flow cytometry, we found that 94% of the CD8 + T cells were GP(33-41)-specific (Fig. 1a) . Tissue sections from the same spleen were then cut and analyzed with in situ tetramer staining (Fig. 1b-d) . Using this technique, we easily observed robust tetramer staining in the splenic white pulp of naïve GP33 TCR-Tg mice, and enumeration of tetramer-labeled cells revealed that 82% (1467/1788) of the CD8 + T cells were also tetramer + . The minor difference in the percentage of tetramer + cells obtained by the two techniques demonstrates that the in situ staining procedure is slightly less sensitive than labeling cells in suspension.
To evaluate the specificity of the in situ tetramer technique, spleen sections from GP33 TCR-Tg mice were stained with two mismatched LCMV tetramers: D b -NP(396-404) ( Fig. 1e-g 
Visualization of TCR polarization in vivo
Having established in situ tetramer staining in the TCR-Tg mice, we next asked whether this technique could be used to visualize effector-target cell interactions during LCMV infection in vivo. Brain sections were obtained from GP33 TCR-Tg mice 4 days after i.c. inoculation with 10 3 PFU (plaque-forming units) of LCMV Armstrong strain (referred to as LCMV). At this time point, flow cytometry studies revealed that >78% of the CD8 + T cells in the CNS stained with the tetramer. This percentage was expected, based on the high frequency of (Fig. 1c) , foci of tetramer staining were observed on activated CD8 + T cells within the CNS (Fig. 1h) . This was consistent with the aggregation of lipid rafts after TCR engagement 16 and the localization of TCR within these rafts. In CNS brain sections, tetramer + cells were also observed interacting with LCMV-infected targets within the meninges, ependyma and choroids plexus (Fig. 1h-j) . In 56% (10/18) of these interactions, tetramer staining was localized primarily at the interface between the juxtaposed antigen-specific CD8 + T cell and LCMV-infected target ( Fig. 1h-j ; this is best illustrated in Fig. 1i ). 
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To address whether TCR reorganization occurred solely at the sites of CTL engagement, we compared the distribution of tetramer staining on conjugates and nonconjugates in the CNS. These analyses revealed that the probability of finding polarized TCR was significantly greater (P = 0.022) for CTLs engaged with LCMV-infected targets (Fig. 1h,i) compared to those that were not engaged (Fig. 1h , inset) (2/23 and 9%, respectively). Interfacial localization of the D b -GP(33-41)-specific TCR is highly suggestive of in vivo immunologic synapse formation and is analogous to the TCR reorganization observed during immunologic synapse formation in vitro 17 . Finally, in rare instances we observed tetramer + protrusions that extended partially around LCMVinfected target cells (Fig. 1j) . These protrusions may potentially aid peptide-MHC (pMHC) sampling and immunologic synapse formation.
Because TCR-Tg mice were used to visualize in vivo immunologic synapse formation, it is possible that the TCR focusing was not representative of natural effector-target cell interactions. Thus, we next wanted to validate our findings in nontransgenic B6 mice. B6 mice infected intracerebrally with LCMV showed an expansion (1.8-7.9%) of D b -GP(33-41)-specific CD8 + T cells in the spleen during days 4-6 after infection (Fig. 2a) . Despite the presence of virus-specific cells in the spleen on days 4 and 5, these cells were not detectable in the CNS. In fact, few mononuclear cells could be isolated from the CNS at these time points. On days 5-6 after infection, virus-specific CD8 + T cells migrated from peripheral lymphoid tissues to the CNS. A sizeable number of mononuclear cells were present in the CNS on day 6 after infection; these included D b -GP(33-41)-specific cells, which accounted for 6.5% of the total CD8 + T cell pool. The presence of virus-specific T cells in the CNS at this time point coincided with the onset of neurologic dysfunction and mortality. When in situ tetramer staining was used to visualize and enumerate D b -GP(33-41)-specific cells in the brain (Fig. 2b-d) , it was calculated that 4.5% (79/1626) of the CD8 + T cells were tetramer 
Multicellular T cell engagement
Several in vitro studies have used time-lapse microcinematography to show that CTLs are "serial killers" capable of eliminating several targets within a relatively short period of time [18] [19] [20] . These studies have identified one potential mechanism by which a limited effector cell population can purge virus from a seemingly overwhelming number of targets. In the CNS of LCMV-infected mice, we visualized a second potential mechanism that may help a CTL in its fight against viruses. In the LCMVinfected CNS, virus-infected targets substantially outnumber effector cells. However, in this situation we commonly found single CD8 + T cells interacting with as many as three virus-infected target cells (Fig. 2f,g ). These interactions suggest that a single CTL can amplify its effectiveness by engaging multiple targets in vivo.
Labeling LCMV-specific T cells
Having demonstrated that at least one aspect of immunologic synapse formation (that is, TCR polarization) occurs in vivo, we next established an in vivo model system to visualize additional molecules recruited to the synapse. In situ tetramer staining is an excellent way of identifying antigen-specific T cells in tissues of interest. However, the sensitivity of the technique likely declines after TCR internalization, which is expected to occur as virus-specific T cells come into contact with their cognate antigen in the CNS. Thus, we developed a simple strategy for tracking virus-specific CD8 + T cells that was not dependent on labeling the antigen-specific TCR.
To this end, GP33 TCR-Tg mice were crossed with B6 TgN(ACTbEGFP)10sb mice 21 , which express GFP under the control of the actin promoter (hereafter referred to as GFP mice). GFP + CD8
+ D b -GP(33-41)-specific T cells were isolated from F1 mice, and 10 5 cells were adoptively transferred intravenously into naïve B6 recipients. Three days later, an i.c. inoculation with 10 3 PFU of LCMV was given; it resulted in a massive expansion (45-fold) of these cells in the spleen by day 5 after infection (Fig. 3a) . These cells also migrated to the CNS and induced symptoms and/or mortality a day earlier than observed in B6 mice that did not receive a transfer. In the CNS, GFP + cells represented 66% of all CD8 + and 89% of all tetramer + cells. Additionally, immunofluorescence analysis of coronal brain sections revealed that the D b -GP(33-41)-specific GFP + T cells trafficked primarily to areas of viral infection (the meninges, choroid plexus and ependyma) and were not distributed uniformly throughout the brain parenchyma (Fig. 3b-f) . This model system is therefore suitable for visualizing the distribution of additional molecules on engaged CTLs in vivo.
Cellular reorganization of CTL in vivo
To determine the two-dimensional (2D) distribution of cell-membrane proteins involved with adhesion (lymphocyte function-associated antigen 1, or LFA-1), signaling (Lck) and effector function (perforin) in a physiologic setting, we visualized these molecules in conjugates of D b -GP(33-41)-specific GFP + T cells and LCMV-infected CNS targets (Figs. 4 and 5) . Activation of lymphocytes increases the mobility of the integrin LFA-1 22 , which equips T cells with an antigen-independent mechanism to engage potential targets and scan for the appropriate pMHC 23 . We found that LFA-1 was localized to the CTL-target cell interface in 64% (23/36) of the conjugates examined (Figs. 4a-d and  5b) , consistent with the integrin redistribution observed in several in vitro studies 17, 24 . This pattern of staining was only observed on 7% (2/29) of CTLs not engaged with infected targets in the CNS (Fig. 5a) , and the probability of finding LFA-1 polarization was statistically greater (P < 0.001) in conjugates compared to nonconjugates (Fig. 5f) . LFA-1 polarization was observed even in effector cells that were surrounded on all sides by virus-infected targets (Fig. 5b) ; this demonstrated that reorganization of the plasma membrane can occur despite the complex cellular environment.
We next examined the distribution of the signaling kinase Lck in CTL-target cell conjugates (Figs. 4e-h and 5c,d) . Lck is responsible for phosphorylation of immunoreceptor tyrosine-based activation motifs (ITAMs) after ligation of the TCR-CD3 complex 25 . In naïve CD8 + T cells, Lck is homogenously distributed in the cytosol; however, in vivo priming of naïve T cells results in redistribution of Lck to the cell membrane, where it associates with CD8 26, 27 . This redistribution may increase the efficiency of effector-memory cells by enhancing their capacity to transduce activation signals. Consistent with published observations 27 , we found that Lck was present primarily on the plasma membrane of virus-specific CD8 + T cells in the CNS of infected mice (Figs. 4e-h and 5c,d) . When conjugates were examined, it was revealed that in contrast to LFA-1, Lck never polarized completely to the CTL-target cell interface. In most cases, Lck was present around the circumference of the effector cell membrane, although in 55% (21/38) of the conjugates a cluster of Lck was observed at an interface (Figs. 4e-h and 5d) . The probability of finding this density of staining was significantly greater for CTL-target cell conjugates (P < 0.001) than for the nonconjugates (2/45 or 4%) (Fig. 5c,f) . It is possible that the density of interfacial staining seen in the majority of the conjugates represents kinase aggregation at the site of an immunologic synapse. Nevertheless, the complete interfacial polarization of Lck observed on CTLs in vitro 24 was never observed on CTLs engaged with virus-infected targets in vivo.
Lastly, we examined localization of the effector molecule perforin, a pore-forming protein present in the lytic granules of CTLs 2 (Figs. 4i-l and 5e-f). High-resolution microcinematography has shown that CTL granules are polarized toward a target cell only after engagement 28 ; also, lytic granules occupy a distinct cellular subdomain during immunologic synapse formation 24 . We found that in the CNS of LCMV-infected mice, perforin was present on both effector and target cells, consistent with the deposition of perforin onto LCMV-infected targets (Fig. 4i-l  and 5e) . Because of the heterogeneous staining pattern, we did not quantify perforin localization in effector-target cell conjugates. However, there were examples of CTLs that had focused their lytic granules to the effector-target cell interface (Fig. 4i-l) . CTLs also appeared capable of depositing perforin on multiple targets that were engaged simultaneously in vivo (Figs. 4l and 5e) . This is best illustrated in Fig. 5e , where a CTL has deposited perforin on two LCMV-infected targets that are engaged on opposite sides of the CTL. One in vitro study has shown that the microtubule-organizing center, which is required for unidirectional CTL killing, can oscillate between two simultaneously engaged targets 29 . This finding supports our in vivo data and establishes the functional relevance of multicellular CTL engagement. CTLs are not only capable of engaging multiple targets simultaneously, but can also deliver an effector molecule to each of the targets, thus improving the efficiency of CTLs in infected tissues.
3D analysis of CTL interactions in vivo
In vitro studies have used three-dimensional (3D) microscopy to reveal the exquisite spatial organization of various molecules in the immunologic synapse. Based on these studies, it could be argued that our 2D dataset does not adequately represent the total cellular reorganization that occurs after CTL engagement in vivo. To address this concern we used high-resolution 3D microscopy to examine in greater detail the interfacial distribution of LFA-1 and Lck on CTL-target cell conjugates. The results of the 3D analyses confirmed our previous observations by demonstrating that plasma membrane reorganization is only associated with CTL engagement (Fig.  6 and Web Movies 1-5 online). Examination of LFA-1 staining revealed polarization at the interface between a CTL and at least three LCMVinfected targets (Fig. 6a-c and Web Movies 1 and 2 online). The distribution of LFA-1 at the interface resembled a "ring-like" structure (Fig. 6b, inset) . CTLs were also capable of extending an LFA-1-coated process that may assist in target cell engagement and permit efficient pMHC scanning.
This idea is supported by the observation that TCRs are also present on these processes (Fig. 1j) . In contrast to the pattern observed on CTL-target cell conjugates, a more homogenous distribution of LFA-1 was observed on nonconjugates (Fig. 6d-f and Web Movie 3 online). Similar findings were observed with the tyrosine kinase Lck. As mentioned above, Lck never polarized completely towards an LCMV-infected target. Rather, kinase aggregation was observed at the CTL-target cell interface (Fig.  6g-i and Web Movie 4) . The contour plot illustrates this pattern of staining (Fig. 6i) . In contrast to the interfacial kinase aggregation observed on CNS conjugates, a more even cellular distribution of Lck was observed on nonconjugates (Fig. 6j-l and Web Movie 5) . Thus, 3D analyses support the fact that CTL reorganization occurs in vivo and is associated with target-cell engagement.
Discussion
In recent years the immunologic synapse field has advanced rapidly and generated important insights regarding the interactions between T cells and antigen-presenting cells. For example, high-resolution 3D microscopy studies in vitro have shown that formation of the immunologic synapse, as a CD4 + T cell engages an antigen-presenting cell 17 or planar bilayer 30 , results in reorganization of the cell membrane and the assembly of interfacial concentric protein arrays. Signaling kinases (for example, Lck and protein kinase C-θ) as well as the TCR-CD3 complex localize in the central supramolecular activation cluster (cSMAC), and the entire structure appears to be stabilized by a surrounding peripheral Maximal projections of 3D datasets show the total cellular distribution of (a-f) LFA-1 and (g-l) Lck, which was examined on both CNS (a-c, g-i) conjugates and (d-f, j-l . Conversely, activated CTLs do not require sustained signaling for effector functions. Despite this, one in vitro study showed that an immunologic synapse similar to the one described for CD4 + T cells formed within 5 min of CTL-target cell contact 24 . In CTL-target cell conjugates, lytic granules occupied a distinct domain within the cSMAC.
Despite contemporary analyses of immunologic synapse formation, it is not known whether the remarkable organization of the in vitro immunologic synapse is representative of physiological interactions that occur in vivo. We have established in vivo that cellular reorganization of a CTL is associated with engagement of LCMV-infected targets. It is possible that the patterns of various molecules observed on CTLs juxtaposed with LCMV-infected targets simply reflect an altered membrane organization that results from the heightened activation state of the CTL. However, this explanation is not likely, as nearby CTLs (which should have a similar activation profile) surrounded by uninfected cells did not show evidence of cellular reorganization. Thus, the fact that cellular reorganization was observed primarily on CTLs adjacent to LCMV-infected cells suggests that a target cell interaction is required. However, our study relies solely on analyses of static interactions or "snap-shots" in time, which makes it difficult to establish the precise sequence of events in vivo. With recent advances in real-time in vivo tracking methodologies as a foundation [32] [33] [34] , it may soon become possible to examine dynamic interactions at high resolution in complex cellular microenvironments.
In conclusion, the integration of signals from a multitude of cellular sources should occur as antigen-specific T cells become activated and traffic to affected organs. Because in vitro systems often oversimplify cellular microenvironments, we need to develop strategies that allow the evaluation of antigen-specific T cell responses in a physiologic setting. To date, much of what we know about the immunologic synapse stems from analysis of cell-cell interactions in vitro 23, 31 . These analyses do not account for the complex 3D tissue architecture through which an antigen-specific T cell must migrate to specifically locate the appropriate targets. In addition, in vitro studies often visualize molecules recruited to the interface between an antigen-specific T cell and a single target. However, we have demonstrated in vivo instances in which CTLs interact with up to three targets or are completely surrounded by virus-infected cells. Multicellular engagement may confer on an outnumbered effector pool the ability to clear a pathogen from multiple cells simultaneously, yet this may also alter the formation of the highly ordered immunologic synapse described in vitro. Thus, analysis of antigen-specific T cells in vivo is required for the validation of immunologic concepts that emerge from simplified culture systems.
To this end, we have described a new approach for visualizing a fluorescently labeled population of antigen-specific T cells that expand massively after viral infection and home specifically to areas of viral replication. Through the use of high-resolution microscopy, the presence and distribution of various molecules within the plasma membrane of these cells can be determined in anatomically intact tissue sections. This approach should prove useful in future in vivo studies designed to address a number of key questions in cellular immunology.
Methods
Mice. B6 mice were from The Scripps Research Institute (La Jolla, CA); GP33 TCR-Tg mice were from the Jackson Laboratories (Bar Harbor, ME) and were backcrossed over ten generations on the B6 background; B6 TgN(ACTbEGFP)10sb mice were also from the Jackson Laboratories. Mouse handling conformed to the requirements of the National Institutes of Health and The Scripps Research Institute Animal Research Committee.
Virus. The Armstrong 53b strain of LCMV was used for all studies; 10 3 PFU was injected intracerebrally into mice at 8 weeks of age. In situ tetramer staining. Organs of interest were frozen in OCT (Tissue-Tek, Torrance, CA) on dry ice. Sections (6 µm) were then cut and incubated overnight at 4 °C in a 2% fetal bovine serum (FBS) solution containing pMHC class I tetramers conjugated to allophycocyanin (0.2 µg/ml) and rat anti-CD8 (0.2 µg/ml, Pharmingen). Tissues were then fixed with 2% formaldehyde, washed, incubated at 4 °C for 3 h with a allophycocyanin-rabbit antibody (1:1000, Biomeda, Hayward, CA), then washed and incubated at 4 °C for 3 h with Cy5-rabbit antibody (1:500) and rhodamine Red-X-rat antibody (1:500). For three-color analyses, a guinea pig anti-LCMV (1:1000) was added to the primary antibodies and a fluorescein isothiocyanate (FITC)-guinea pig antibody (1:500) was added to the secondary antibodies. Stains were visualized with an MRC1024 confocal microscope (BioRad, Richmond, CA) fitted with a krypton-argon mixed gas laser (excitation at 488, 568 and 647 nm) and a ×40 or ×63 oil objective. All 2D confocal images show a single Z section captured at a position approximating the CTL midline. To compare TCR polarization on CNS conjugates versus nonconjugates, random fields were captured from infected CNS tissue. CTLs juxtaposed with LCMV-infected targets were considered conjugates, whereas CTLs in the same CNS tissue sections-which were not juxtaposed with LCMV-infected targets-were considered nonconjugates. Statistical analysis of TCR polarization in conjugates versus nonconjugates was done with a Fisher Exact Text (P < 0.05).
Adoptive transfer of GFP
Brain reconstructions. Three-color reconstructions of coronal brain sections were done with an Axiovert S100 immunofluorescence microscope (Zeiss, Thornwood, NY) fitted with an automated xy stage, a Axiocam color digital camera and a ×5 objective. To obtain tissues, mice received an intracardiac perfusion with 4% paraformaldehyde. Organs were removed and incubated for 24 h in 4% paraformaldehyde and an additional 24 h in 30% sucrose. After freezing tissues in OCT, 6-µm frozen sections were cut and stained overnight at 4 °C with a guinea pig anti-LCMV (1:1000). Tissues were then washed, incubated at 4°C for 3 h with a rhodamine Red-X-guinea pig antibody (1:500) and washed and incubated with DAPI (1 µg/ml). Three registered images (DAPI, GFP and rhodamine Red-X) were captured for each field on the coronal brain section, and reconstructions were done with the MosaiX function in the KS300 image analysis software.
Immunocytochemical analysis of CTL engagement. For analysis of LFA-1, Lck and perforin on GFP + CTLs, tissues were processed and cut as described above. Rat anti-LFA-1 (3 µg/ml, Pharmingen), rabbit anti-Lck (1:100, Cell Signaling, Beverly, MA) or goat anti-perforin (2 µg/ml, Santa Cruz Biotechnology, Santa Cruz, CA) antibody was added to the primary mixture containing the anti-LCMV (1:1000). LFA-1, Lck and perforin primary antibodies were labeled with the appropriate secondary antibody conjugated to Cy5. Three-color (GFP, rhodamine Red-X and Cy5) confocal analyses were done to visualize cell-cell interactions as described above. Statistical analyses of LFA-1 and Lck staining patterns in conjugates versus nonconjugates were done with a Fisher Exact Text (P < 0.05). Four-color (DAPI, GFP, rhodamine Red-X and Cy5) 3D datasets were collected with a DeltaVision system (Applied Precision, Issaquah, WA); this consisted of an Olympus IX-70 fluorescence microscope, a motorized high-precision xyz stage, a 100-W mercury lamp and KAF1400 chip-based cooled charge-coupled device camera. Exposure times were 0.1-0.8 s (2-binning), and images were obtained with a ×100 oil objective. 3D reconstructions were generated by capturing 150-nm serial sections along the z-axis. Images were deconvolved (based on the Agard-Sadat inverse matrix algorithm) and analyzed with softWorX Version 2.5.
Note: Supplementary information is available on the Nature Immunology website.
